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THER RFFECT OF PITCE ON FORCE AND MOMENT CEARACTERISTICS
OF FYULL-SOCALE PROPXLLERS OF FIVE SOLIDITIES
By Jack ¥. Runcksul

SUMMARY

An investigation was conducted in the FACA 20-foot
propeller—research tunnel to determine the effect of va-
riations ia angle of pitch on the aerodynamic character-
istice of several propeller combinations. Two-, three=-,
four-, and six-blede single~rotating propsllers and a six-
blade dual-rotating propeller were tested on & nacelle with
the thrust axis pitched at angles of 0°, 6°, 10°, and 185°.
The propellers, which were 10 feet in dlameter, were tested
at blade angles of 25° and 45°. The force and moment co-
efficlente of the propellers wers obtained for .these con-
ditions, ' SR .

The resulte indicate that the propulsive efficiency
decreases as the angle of piteh increases. The loss due
to piteh increased with increased aolidity-and_wAl greater
at the hligher blade-angle settings.

The vertical -force increased with the angle of pitoh
throughout the entire V/nD range, whereas the yawing
moment increased with pitch only in the low V/nD range.
The yawlng moment, torque.reaction, and side force nearly
vanished with dual rotation, but .the vertieal force in-
creased. A greater sollidity inoreased the vertical force
and generally increased the yawing moment. A greater blade
angle generally increased the forces and the moments measured.

INTRODUOT ION

Pitching the thrust axis of a propeller alters its
thruat, power (or torque), and efficiency characteristics
and, in addition, sudjects the propeller to vertical and
horizontal forces as well as pitching, yawing, and rolling
moments. Of these effeots, the vertical force, yawing
moment, and change in efficiency due to pitch influence
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the performance and stability of an hirplane'to an apprecil-
able extent. o

Both theoretical and experimental studies of the
effects of a propeller operating at an inclined attitude
have been undertaken at various times. (See references 1,
32, and 3.) " Maoct of the previous empirical work waa done
with model propellers having only two or three blades
and operating 1ln a 1ov"7/nD range. Lesley, Worley,
and Moy, in 1935-36, made wind-tunnel experiments in the
Stanford University wind tunnel with a model propeller.
¥ith the propeller in yaw, they measured the effects of
odbligue alr currents on the propeller force and moment
characteristics for several different blade—angle settings.

The present investligation was undertaken in- order
to extend previous  work to include tests of full-scale
propellera having different numbers of blades and in
order to determine the effect: of piteh on dual rotation.
The propellers were tested at positive angles of pltch 9
of 6°, 5%, 10°, and 15°. Four different blade combina-
tions, conslisting of two~, three-, four-, and six-blade
tractor propellers were used to determime the effect of
pitoh and so0lidity. The mix-blade condition included
both single—~ and dual-rotating propellere. The investi-
gation in these tests of the complete V/nD range
involved the use of seven *new" coefficients in the range
of negative thrust and power. New coefficients, such
as T,, were formed.by multiplying atandard coefficients,
such a¢ Cp, by the factor '(nD/V)3. The project was
" carried out in. the 20-foot propeller-research tunnel
during May and June 1941 with a get-up that had been
previously ueed for testing dual-rotating propellers.

The data contained in this report may be applied to
Propellera in yaw by rotating the reference axes 90°,

APPARATUS AND METHODS

The NACA 20-foot propeller-research tunnel, in
which the investigation was conducted, is described in
reference 4. The tests were run with alrspeede ranging
from zero to 110 miles per hour. ’

The propeller-drive mechanism (figﬁ-l) was enclosed
in a streamline nacelle, which had been unsed .in several
previous investigations (reference 5), The test arrange-



ment, with the principal moment arms from the scale
""Teactlons to the propeller origin indicated, is shown
in outlline in figure'2.° A photograph of the set-up-is
given in figure 3. ' At the angle of zero pitch the center
line of the propeller—-nacells combinatlion coincided’ 'with
the wind axis of the tunnel. The angle of plitch of the
nacelle was varied by means of a Jackscrew in the rear
strut. . :

Five 10-foot-dlameter propellers were employed
(Hamilton Standard drawing numders 3156-6, right hand,
and 3166-6, left -hand). The blade~form curves are shown
in figure 4. The hubs of the two- and the three-blade
single-rotating propellers were located in the rear
spinner. The six-blade slingle-~ and dual-rotating
propellers were composed of 2 three-blade propellers
mounted in tandem in the front and rear spinners. The
four-blade propeller was made up with 2 two-blade
propellers, one on the front and the other on the rear
spinner. .

The net thrust was measured 1n the usual manner bdy
a thrust balance. The torque was measured by the spring-
dynamometer and Selesyn device combination mentloned in
reference 6. Vertical forces were measured dy 1lift bal-
ances located at the corneres of the floating frame in
the balance house, and side forces were determined from
balance readings at ths front and rear of the floating
frame. Values of the pitching end yawing moments wers

determined from sunitable combinations of the 1lift, the
drag, and the side force. A comparison of the values

of -GQ cos § and actual rolling moment obtained from
the 1ift and the slde-force balances resulted in a deci~-

s8lon to use torque values transposed to the wind axis in
place of rolling moment. (See fig. 5.)

The prozellers we»s driven by alternating-curreat
induction motors and the speed was controlled by varylng
the frequency of the current supplied to the motors.

The single-rotation tests were run with the motora coupled

together. ZXor the dual-rotation tests the speed of the
two propellere was kept equal by means of a frequency-
converter apparatus and checked with a synchroscope.

The dual-rotation tegts were made with the rear propeller
blades set to provide approximately the same térque at’
peak effliciency as the front propeller blades.

Propeller speed was varied from a maximum speed of
about 660 rpm to approximately zero to cover the range
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beyond zero thrust, that is, to the point where  n = 0
of V/tD = =, The Reynolds number was about 1,000,000
--at peak efficliendy for the prapellers set.at 250 at 0,75
-radius., Typical plots of propeller-coefficient results
and vertical=-force and moment coefficlents are given in
figures 6, 7, 8, and 9.

RREULTS

The extreme range of propeller-operating conditions
covered in this investigatlion hes nade it eonvenient to
use two types of coefficlents for presenting the data,
The usual coefflclents,

Thruset soefficient Cp = SaeDe

‘Power coefficlent Cp = _2nQ

Efficiency n = OS2 ¥
: . - Cp nd

are. used on the propeller curves up to the position of
zero ‘thrust. The force and moment coefficlents have
bedn -put into similar form covering the range from
V/aD = 0 to V/zDp = 1.0,

8ide-force coefficlent Oy = TY
- PRt

Verticel-force cosfficient Oz = _JELT

pn2D

"Q OOBQ

Rolilng-moment coefflcient 0, =
pn2D8

Pltching-mhment coefficlent Cp = —HM—
pnaps
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. Yawing-moment coefficient 0, = N
. ) ) " T pnsn'5 - - - - ~ e s
where
T sum of measured thrust of propeller-nacelle -

combination and drag of body measured separately
alr denslty
n rotational speed
D propeller dlameter
Q propeller torque
n efficlesncy
Y airspeed
Py slde force

rz vertical force

<] angle of plteh
M pltching moment
) yYavwing moment
The value ' -~ ...... was substituted for Cy = =—E "
£n2Dd 1 pn®D

where L 1is rolling moment, because the torque was easily
obtainable from the spring-dynamometer readings and re-—
sulted in more consistent data. (See fig. 8.) The dif-
ference in the values of and ~Cp coe 6 was prod-
ably caused by strut 1nterfe§ence on the nacelle. For
values dbeyond the point of sero thrust, the thrust and
pover coefficients were multiplied dy (nD/V)’. vhich gives
the gsecond form,

-

: = 2 T . - - .-

#nQ, = Cp (nD/V)? » 214

o Vapsd:



Similarly, new coefficiente were formed for the
other forces and mgmontr by mnltiplying Cys Ozs Cqs COpo
and Cp by (nD/V) :

-Q cos 6 "
e pvap3 ] oo e

M
pveéD3

N
pvaD3

IX
pVaDa
z ——,—,rz
-
¢ p¥D

The parameter V/nD wae changed to nD/V at the
value of 1.0, at which the twc parameters colncide, to
keep the complete range covered by the coefficients down
to a reasonable size. The position of zero propeller
speed (V/mD = @, nD/V = 0) was difficult to obtain but
wvas approached by means of reversing switches on the
propeller-motor circul..

.The values for the new propsller coefficients were
also plotted against nD/V beyond the value of zero .
thruat to the poeition where n = 0.

. In order to eliminate the effect of the slipstream
reactions on the body and the supporting struts, the
side force, the vertical force, the pitching moment, .and
‘the ‘yawing moment have been plotted with the values for
gero pitch deducted from the values obtalned for the
Pitched propellers. It wae assumed that the slipstream

reactions on the body and the sup{orting gstruts would
rermain constant with changes in pitch and also that

these forces and moments should be zero for zero pitch.

All coeffioienﬁi of forces and moments wers computed
with the origin at the intersection of the propeller axis
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and its plane of roiation, with the result that these

-values could be easily transferred for stability computa-

tions on an airplane. JFor the dual-rotating“propeller -
the origin was locat:l mldvay between the front and the

rear hubs. The reference axis in all cases wvas the wind
axis of the tunnel.
Tor rapid reference the figures shoving the propel-
ler force and moment charsctsristics are llsted as follows:
Efficliency

Filgures '10-i4 -Effect of pitch on efficiency

FPigures 15-16 Effect of solidity on efficlency

Figures 17-18 Effect of dual rotation on efficilency
Thrust

Figures 19-23 Effect of pitch on thrust

Filgures 24-26 ZIEffect of solldlty on thruset

Figures 26-27 3Zffeot of dual rotation on thrust
Power

Flgures 28-32 ©Effect of pltoch on power

Flgures 33—~34 Effect of . ego0lldity on power

Flgures 35-~36 EXffect of dual rotation on power
Figures 37-40 Individual power ocurves

5ide roréo

Flgures 41-42 Effect of pitch on side force

. Mgure 43 BEffect of solidity on slde force

Plgure 44 Effect of dual rotation on side force.

Yertical Yorce

Flgures 45-46.'lffect o}'pitch on vertical fsréa
Figurd- 47 Bffect of solldity omn vertical force
Tligure 48 Effect of dual rotation on vertical force

-

Rolling Moment

rigurol 49-50 Effect of pitch on rolling moment.
Flgure 61 Effect of solidity on rolling moment
Flgure 52 Bffect of dual rotation on rolling moment



. . Pitching -Moment

Figures 653-64 RBffect of pltsch on bttoh!ng moment

Figure 56 Effect of so0lidity on pitohing moment

‘"Figure 56 Bffect of dual rotation on pitching moment
Yawing Moment

Flgures 67-68 Effect of pitch on yawing moment

Filgure 59 Effect of solidity on yawing moment
Figure 60 Effect of dual rotation on yawing moment
DISCUSSION

The effect of the four parameters - pitch, solidity,
dual rotation, and blade angle - on the wvarious propeller.
force and moment coefficlents 1s preeented in the following
digcussion: ' -

Bfficlency.--The effect of pitch on efficiency for
each propeller may be observed in flgures 10 to 14, The
lose in efficlency 4An due to pitch appeared, in general,
to be negligible for angles of pitch of 5° for the 26°
blade angle; dut a decrease of 0.01 or 0,02 in efficilency
became evident at the blade angle of 45° for propellers
having three or more blades. For an angle of pitch of 109,
the loes varled from 0,01 to 0.03 at £ = 25° and from
0.02 to 0.05 at B = 45%. At the highest angle.of pitch
tested, © = 159, the lo0ss in efficlency was considerabdle,
ranging from 0.02 to 0.05-at B = 256° and from 0.05 to
0.12 at B = 45°, ZEach additional 5° increment in pilteh
nearly doubled the loss in efficilenocy from the previous
increment; it is, therefore, to be expected that beyond
the range investigated, thdat is, for angles larger than
6 = 16°, the loss would be gquite high. This conclusion
is confirmed in references 1l and 3.

Figures 15 and 16 are comparisons of the efficlencies
for different soliditiee. These figures indicate that
the efficiency wvas decreased with an increase in solidilty
over the entire V/aD range, except at very low values
of "¥/nD. At the higher blade angle (45°) the effect
of pitch on efficlency was more pronounced for high-
solldity propelleres than for low-solidity ones.

A study of the efficiency curves for ‘the dual-rotation.
condition (figs. 17 and 18) reveals that, although the dual-



rotating propellers were the moat efficient, they ex-
perienced adbout the same loes in eéfficiency from deing

" pITEHSA"10° 48 the''singre~rotating propellers.. ... . ..

Jhrust,- The maximum thrust in both the poslitive
and negative range decreased with pitch, vhereas the
vilue of V/aD for serc thrust increased with pitch
(fig'. 18 to 33). ;

The increment of thrust due to increasing solidity
" was generally less for 10° piteh than for 0° (figs. 24
-and 35). : : .

Figures 26 and 27 show that 'dual rotation resulted
in an increase in thrust over the single~rotation con-
dition, dut the gain.was less for 10° than for 00 plteh.

~ The effects of pitch, solidity, and dual
rotation on the power coefficients are generally the same
as on the thrust coefficients (figs. 38 to 40); further
discussion is, therefore, unnecessary.

- Flgures 41 and 42 indicate that the
glde~Torce coefficient, which was usually small, generally
increased slightly in a negative direction with increases
ih piteh, particularly for low values of V/nn. Phere
were no consistent trends of the side~force coefficlent
for the negative thrust range of V/aD. There was no
consistent variation of side force with solidity, as may
be noted in figure 43. Of interest is the fact that
the side force nearly vanished with dual rotation. (See '
fig. 44.)

«= The vertical force 1s compolod of
several eslements: The vertical component of the thrustji

& vertical reaatiog of the propeller due to an unbalance
in torque of the blades pasaing through the 3 o'ocloeck

and 9 o'clook positions; and the slipstream reactions on
the body. .The effects of the slipstream have been elim-
inated by. the method used in plotting the results.

In'figuroo 45 and 46 1t may be seen that the vertical
force was nearly proportional to the pitch angle. 4t
¥/nD = 0 the verticel force was due almost entirely to

the vertical component of the thrust; the part due to the
other factors mentioned was negligible. As the value oOf

¥/nD increased this vertical component of the thrust
would be expected to decrease nearly proportionately to
the degresse in thrust; and the vertical component due

to the unbalance in blade torque would be expected to in-
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ciéaté;-beoqngo of .the inoreasing unbalance in the angle:
of attack of the blades passing through the .3 o'clock and
9 oteloock positions.

Figure 47 1s a comparison of -sollditieés for the
vertical-force coefficient. .In.the pitched-condition
the vertical-force coefficient increased with solidity
throughout the V/nD - nD/V range, as would be expected.

The dual-rotation comparistn (flg. 48) reveals that
the dual-rotating propeller had higher vertical-force
coeffigclents than the single-rotating propelles through-
out the V/nD - nD/V range, partiocularly in the pitched
eondition. This condition can be explained by the faagt
that the dual-rotating propeller produced more thrust
* than the single-rotating propeller, ol

Bflligg_mgngﬁi.-_whe rolling-moment coefficient was _

but slightly affected by pitch, as may be seen in figures

49 and 50. Throughout most of the " V/naD range the roll-

ing-moment coefficient, computed from the scale readings,

was elightly less than the value, =(Cy cos f, becaunse of

the reaction of the slipstream on the supports. (See fig. 5.)
A comparison of golidities for the rolling-moment coefficlent

" (fig. 51) exhibits nothing unusugl. Pitch had little effect

on either the dual-rotating or single-rotating six-blade

propellers, ad 1s illuatrated in figure 652. Dual rotation

- resulted in only a small net torque reaction becauae the
rear propeller almost cancéled the effect of the front

propeller.
Eiiﬁhing_mgmgni4- The measurement of pitcking'homent-

was lnaccurate because it involved the use of four 1lift
scales and & drag scale, each ¥with a long lever arm.
Although there 1s no consistendy in the measured results
regarding the effect of angle of pitoh on pitching moment =
(figs. 53 and 54), the values are falrly small, indicating
- that the propeller plteching moment le negligible exeept
for cas®s in whioch the longitudinal stadility is nentral
or very small. The effect of solidity on pilteching moment
Y;; mo;g)clearly defined than the effect of angle of pitch
s. . b

The dual-rotation measuremente (fig..56) are like-
wise inconclusive. .

- Yawing mopent.~ At low values of V/nD the yawing-
moment coefficlent increased with pitch; at high values of
V/aD 1o general trend could be detected.- (5es Figs. 57
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and 68.) As might be expected a larger number of blades
! resulted in larger moments. (See fig. 59.) The yawing

moments nearly vanieshed with dual rotation (fig. 60),
because the rear propeller nearly neutralized the effects

of the front propeller,

CONCLUSIONS

Varying the angle of gitch of a propeller, besides
changing the efficiency, thrust, and power, ilntrodaced
vertical and side forces as vell as pitching, yawing,
and rolling moments; of these effects, efficiency,
verticel force, and yewing moment have an important
effect on performance and stability.

Pitohing a propeller had little effect, in general,
on the efficlency until the angle of pitch was greater
than 6°; beyond this value of the angle of pltch, the
loss became appreclable, depending upon the blade angle
and the number of blades. The loss in efficlency due
to pltch increased with propeller s8o0lidlty and bdlade
angle. Thigs loss amounted to as much as 0.12 for a
eix-blade propeller operating at 46° blade angle and 15°
angle of pltch. The loss was about the same for dual
rotatlon as for single rotation.

The side forces and the pitching momente 28 found
in these tests were small and except for an airplane of

low stability, these forces and moments could probadbly bde
neglected. .

The vertical force incrsased with the angle of
Pltoh shroughout the entire range of V/nD, while the

yawlng moment increased with pitch only in the lower part
of the V/nD range.

The yawing moment, rolling moment, and side force
nearly vanished with dual rotation; but the vertical
force lncreased.

Higher e0lidity increased the vertical force and
generally increased the yawing moment.

The forces and moments measured generally increased
a8 the blade angle increased. :

Langley Memorial Aeronautical Laboratory,

Natlonal Advisory Committee for Aeronautics,
Langley Fileld, Va.




12

REFERENCES

‘Lesley, BE. P., Worley, George F;, and Moy, Stanley: Air

~ Propellers in Yaw. NACA Rep. No. 597, 1937.

Flachsbart, 0., and Krdber, G,: Ixperimental Investigation
of Aircraft Propellers Exposed to Oblique Ailr Currents.
NACA TM No. 562, 1930. :

Freeman, Hugh B.: The Effect of Small Angles of Yaw and
Pitch on the Characteristice of Airplane Propellers.
NACA Rep. No. 389,_ 1931,

Welck, Fred E., and Wood, Donald H.: The Twenty-Foot
Propeller Research Tvnunel of the National Advisory
Committee for Aeronautics. NACA Rep. No. 300, 1928,

Biermann, David, end Hartmen, Edwin P.: Wind-Tunnel Tests
of Four- and Six-Blads Single- and Dual-Ro%tating Tractor
Propellers. NiCA 4ep. No. 7L7, 19L2.



VOVN

A
Bearings Rear motor T
—
—’giit— |
\irMA Chain
A~
Selsyn deva
Rack
lorque Spring

oTor

T °31d

Figure 1.~ Propeller~drive mechanism.



A

& nacefle 6 > | 8 Jﬂ (C sin6+0.583¢05 6)

. - - —\/3- W
B o

(C ¢os 6-.283 5in6)
Figure 2.~ Diagram of test set-up showing moment-

aTs dimensions. +Z
/3.69 o /\,¢ y y
-z

WIND FAST SysTeEM

< 1500 —_— >

0 = origin of moments for single- mroﬁng pm,oe//er
344 L,,L, 0% origin of moments for dual-rotating propelfer. &

0



Fig. 3
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